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EIGH-SF:^"i:i: WIiTD-TUIOEL TESTS OF THE 



2TACA 2 3012 .OD 2 3012-64 AIRFOILS 
By John V. Eecker 

SUMyiAHY 



Force tests of the NAGA 23012 and 23012-64 airfoils 
"of 24-inch chord were made in the 8-foot high-speed wind 
t'linnel at Mach nunibers rangintj from 0.10 to 0.75, Sup- 
pler.entar;y tests of a 5- in en- cho r d ITACA 23012 airfoil were 
made in the 24-inch high-speed tunnel to ohtain pitching- 
moment data at higher loadings than could he attained with 
the 6-foot tunnel models. 

The results, which were corrected as far as possible 
for tunnel-wall ef:^ects, show the variation with Mach num- 
her of lift, drag, and p it ch ing-moment coefficients at 
anfrles of attack from -4*^ to 6^. At positive lifts the 
UACA 23012-64 airfoil had slightly higher critical speeds 
than the IJACA 23012 airfoil. At the higher angles of at- 
tack in the supercritical speed region, large increases 
in the magnitude of the p it ch ing-mo ment coefficient oc- 
curr ed . 

i:ttroducticn 



Force tests of 2 4- inch- cho rd HaCA 23012 and 23012- 64 
airfoils were made in tne 8-foot high-speed wind tunnel 
in 1937. Tne results were not published owing to a lack 
of knowledge of the tunnel-wall interference effects on 
large models extending through the tunnel walls. Since 
that time a separate, investigation (unputl i shed) has indi- 
cated the nature of these effects and has esta ol ished cor- 
rections for some of them. Although all corrections af- 
fecting the absolute m.agnitude of the results are not 
knov^n, the corrections that vary with speed are believed 
to be fairly well understood. The corrected results may 
therefore be considered adequate for indicating the prin- 
cipal effects 01 compressibility. In view of numerous 
requests for compressibility-effect data on the FAGA 230 
series of airfoils, it has been decided to issue these 
partly corrected res-iilts rith a clear stnterr.ent of their 
1 imi tat ions. 
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In order to ootain c.ata applicable to the high-speed 
dive puil-oiit condition it was necessary to make s^apple- 
mentary tests on a 5-inch~chord ITACA 23012 airfoil in the 
24-inch high-speed wind tnnnel . These tests were made in 
1940. 

APPARATUS 

The. S-foot and the 24-inch hia;h-speed wind tunnels 
are described :n references 1 and 2, respectively. 

A description of the NACA 230 series of airfoil sec- 
tions is given in reference 3. T'le profile ordinates of 
the NAOA 23012 and 23012-64 sections are shown in tahle I. 

Tiie 2 4- inch- chc rd models were c ens t ri^.c t ed. of 7-rood 
and sheathed with 1/16- inch steel plate to prevent erosion 
at high speeds. The NACA 23012 airfoil was completely 
covered ^ith the metal plate. ' Tne FaGA 23012-64 airfoil 
was covered over only the forward 31 percent; the remain- 
ing surface was s"^' ray-pa int ed. The surfaces rere made 
aerodynamical ly smooth. It was impossible, however, to 
eliminate slight waves in the metal sheathing at the 
points of attachment to the wood. It is also considered 
possible tnat the spanwise wood-metal Junctures on the 
NxlCA 23012-64 model m.ay have sprung slightly at the higher 
loadings. This method of airfoil construction has been 
foi:nd to be generally unsatisfactory. 

The 5-inch-ciiord ITaCA 23C12 micdel tested in the 24- 
inch tunnel was made from solid duralumin and was both 
aerodynami cally smiooth and fair. 

In both wind tunnels the models completely spanned 
the jet and passed thro-:gh the walls to the balance at- 
tachments (fig. 1). Tne gap between the models and the 
wall was not uniform and varied slightly with angle of 
attack. Average values for the width of the gap are 3/I6 
inch and 3/64 inch for the 3-foot and the 24-inch t^mnels, 
re^jpect Ively . As shown in figure l,the S-foot tunnel has 
flat surfaces on either side. Plat circular rotating end 
plates attached to the tunnel wallt. move with the airfoil 
when the angle of attack is changed. In the 24-inch 
tunnel, flexible brass end plates that preserve the cir- 
cular section of the tunnel were used. 
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TE ST S 



The tests consisted of the measurement of lift, drag, 
^ and pitching luoment. At constant angles of attack (a) 

ir\ tne speed was increased as far as possible, the highest 

^ speed attained at a given ang;'>e heing limited either "by 

the maximum allowable load (in the case of the m.odels of 
24-inch chord) or by the maximum attainable tiinnel speed. 
Angles of attack ranging from -4^ to 6^ were covered. 
Tne 2 4- inch- cho rd models were also tested tnror.gh the 
stall at speeds ranging from 75 to 1?0 miles per hour to 
permit comparison with var iabl e~dens it y~ tunnel resi^lts 
obtained at the same test Reynolds numbers. 

As a check of the critical speed indicated by the 
force test at a = 0^, the variation with !v!ach number of 
the total pressure at a point l/3 inch above the surface 
at the 75-p er cent*- cho rd station of the 5- inch- cho rd m.odel 
was measured. 

TUJrsrZlI-WALL EFFECTS 



5.2.^,s.L?ll5.Lio ^_.§.?.?.§.?.L'~ use of models of large 

size relative to the tunnel diameter results in a Jet 
velocity at the airfoil appreciably higher than would 
exist if the flow were not restrained by the tunnel walls. 
The magnitude of this effect was determ.ined in a separate 
investigation of tunnel-wall effects on NAGA 0G12 airfoils 
in the 8-foot tunnel by comparing the chordwise static- 
pressure distribution with the distribution given by -po- 
tential theory, which had been verified in tests in tne 
full-scale tunnel. In addition, a spanwise static-pressure 
survey at the 10-percent-chdrd location was made at various 
lift coefficients. It was found that, within the limits of 
accuracy required for engineering purposes, the wing could 
be assumed to be operating in a. uniform air stream with a 
velocity greater than that indicated by the standard tunnel 
calibrat ion. 

At low llach numbers the magnitude of this constriction 
effect agreed satisfactorily with the results computed by 
Glauert (reference 4) for incompressible flow. The effect 
increases with Mach number. The air speed, V, the Mach 
number, M, the Reynolds number, R, and the dynamic 
pressure, q, obtained from the standard tunnel calibra- 
tion in the present tests were corrected by use of the 
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factors deterLiined from the tests of the NACA 0012 air- 
foils. The force and the p it ch i n^- mo men t coefficients 
employed in presenting the results are "based on the cor- 

1 2 

rected dynamic pressure, "g^ P ^ » where the values of p 
and V are corrected for the constriction effect. 

^.ii^Jic -Qi'^I.yL^A"!:!^ L§. _X1.^Z- ~ s a further conse- 
quence of txie employment of airfoils of large ratio of 
the airfoil chord to the average depth of the tunnel, 
c/h, it is shown in reference 4 that the lift and the 
pitching-monent coefficients are different from the cor- 
responding values for unrestricted t ':vo- d imens i o nal flow. 
This effect results from an induced curvature of the flow. 
The validity of. the tneoretical correction factors derived 
in reference 4 was satisfactorily established "by the pre- 
viously menti oned unpn bl ished tunnel- wall- effect invest i ga- 
t ion in the 6-foot high-speed tunnel by comparing the re- 
sults obtained on 1 5- inch- chord and the 60- inch- chord NACA 
0012 airfoils. The correction to the lift is given by 

C» c> / ' ^ 

2 4 "-b/ 

v/here is the lift coefficient and the subscript t 

refers to tunnel values. The p it ching-moment correction 
is obtained from 

^c/4 C^c/^t 

The resiTlts presented in this report. have been corrected 
according to these relations. 

Snd_]^eak5_g^e_ef f e^ The force-test results correct- 

ed for the constriction and the induced- curvature effects 
would be excreted to exhibit infinite-aspect-ratio or sec- 
tion cnaracterist ics were it not for the interference 
effects at either side of txie model that result mainly 
from the leakage of air through the clearance space be- 
tween txie model and the tunnel wall. In order to indicate 
the approximate magnitude of these , effect s , the results of 
the KaCA 23012 airfoil for M = 0.23 are compared in fig- 
ure 2 with corrected section characteristics obtained from 
tests in the variable-density tunnel (reference 5) at 
about the same test Reynolds number. The low- speed section 
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li-Pt and the pit ching-itomant coefficients of the varlahle- 
density tr.nnel were Eiylt ipl ied "by the factor (i - M") '2 
(see reference 2) to ohtain res". Its appropriate to the 
Mach number at which the 8-foot high-speed tunnel tests 
)!rere run. The valne of this factor was 1.C27, correspond- 
ing to the Mach n-ar.ter 0.23 of the high-speed tunnel tests. 
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It is evident from *"ieure 2 that the lift and the 
pitcLing-"oiT:ent val-^aes are inappr ec is hly affected b" the 
end-leakage effects at angles of attack below 6°. The 
drag, ho^verer, vras greatiy increased. At angles of attack 
higher than 8° an abrxipt breakdown of the flo-r occ-:irred, 
apparently as a res^^lt'of the end leakage. This effect 
was found to occur at an angle of attack of 8° for various 
Mach nujibers ranging froni C . 10 to 0.23. the highest speed 
at whicn angles greater than 8 were attained. Similar 
results rere obtained with the NACA 23012-64 airfoil. On^ 
account of the large magnitude of this effect and the lack 
of understanding of the factors involved, the data presented 
in this rerort extend only to an angle of attack of 6 . In 
this range the corrected lift and the pitching-noment val- 
ues nay be taken as approximate section characteristics, 
but the drag coefficients include lar^e unkno-.^n increments 
due to end interference. 

The investigation of tunnel-wall effect of the F^CA 
0012 airfoil included a number of runs through the speed 
range with vario\^.s end-gap clearances. It was found that, 
although the absolute magnitude of the drag coefficient 
increased with gap size, the variation with Mach numoer 
was essentially the sar.e for all gap sizes. It may oe 
assumed, therefore, that the results for any gap size are 
useful in showing changes i:"ith Mach number of the drag 
CO ef f i ci ent . 

RESULTS A17D BIS CUSS I ON 



r-i-ag.- The variation with Mach number of the drag 
coeff iTitnts obtained with the 24- ir ch- cho rd models is 
sho-n in figure 3. The cause of the large drag increases 
at the higher Mach numbers is due to tr;e formation of a 
comrression shock at critical air speeds at whicn tne ve- 
Iccitv of sound is attained locally on the airfoii. De- 
tailed discussion of this paenoaenon is given in reference 
2. Briefly, the critical air speed is dependent on any 
factor- that affects the peak local velocity, particularly 
the angle of attack, the thickness, the thickness distribu- 
tion, and the camber. 
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Tae NACA 2 3012-64 airfoil (fig. 3 (Id)) was included 
in this investigation on the "basis of previoris tests of 
synmetrical airfoils (reference 5), which indicated that 
the 40-per ceut-chord location of the maximum- th ickn e s s 
station resulted in a higher critical speed than the other 
distributions tested. A more rational method of predic- 
tion of critical speed characteristics "based on static- 
pr essure-di str ihut ion data is discussed in reference 7. 
Some increase in critical speed over t?ae KACA S3012 air- 
foil is r-ndicated for the nIca 23C12-64 airfoil at posi- 
tive lifts. .^t negative lifts, however, the TACA 23012-64 
airfoil develops hi§-her local velocities near the nose on 
the lower surface than the I-TaCA 230 12 and should, therefore, 
have the lower critical speed. The critical speeds esti- 
mated from reference 7 are indicated in figiire 3 oy arrow- 
heads. It is seen that the Kach numhers at which the drag 
coefficients "begin to increase rapidly agree reasona"bly 
well with the predictions hased on the pres s^ir e-distr ihut ion 
data. The critical speeds indicated "by the 5-inch-chord 
force-test results (not sho-n) agreed satisfactorily with 
the 2 4- inch- cho rd results. The total-pressure tu'oe locat- 
ed at the 75-percent-chcrd station of the IIACA 23012 air- 
foil showed rapidly increasing losses at Mach num"bers a cove 
0.645. Tne critical Hach numher predicted from the static- 
pressure data at a = 0° was 0.56. 

The variation wit"n Mach number of the drag coefficient 
at suhcritical speeds is a consequence of both scale and 
comipressibiiity e:^fects. On smooth models in air stream.s 
of low turbulence such as that of the 8-foot high-speed 
wind tunnel, the variation with Reynolds number of the 
location of boundary-layer transition is an imiportant fac- 
tor in determining tne scale effect and should be consid- 
ered in any atte^npt to isolate the compressibility effect 
at subcritical si^eeds. Tata on the transition-point loca- 
tions on both surfaces of the NAGa 23012 airfoil in the 
8-foot high-speed tunnel are available in reference 8. 

L^^ft^.- The variation with Mach number of tne lift 
coefficients obtained in the &-foot high-speed tunnel is 
shown in figure 4. The rate of increase with Fach number 
at subcritical sreeds was somewnat greater than the factor 

(l - If^ ^ 2 v.sually usee to estimate tne increase. This 
factor strictly applies only to airfoils of very small 
t h i ckn f: s s- cho rd ratios ? nd would be expected to underesti- 
mate the actual rate of lift increase on l2-per cent- thi ck 
airfoils. The rate of increase of lift coefficient with 
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Mach number shown in references 2 and 6 for 5- inch 8nd 2- 

inch-'Chord models was less tnan noted in the -cresent tests 

_1 

and more Dearly agreed with the (l - M'^; ^ factor. These 
differences may he attributable to the fact that the 
Reynolds num/oers in the present investigation were m-ach 
cp greater than in the reference tests. 



The changes in lift coefficient taat occur at super- 
critical speeds depend on the location and the intensity 
of the con:pression shock. Zither an increase or a de- 
crease in lift coefficient, corresponding to formation of 
the shock on the lower or the uprer surfaces, might be 
expected. At small an.-^les of attack wnere shocks form on 
both upper and lower surfaces at about the same Iv'Iach num- 
ber, no appreciable lift changes might be anticipated. 
This situ.ation evidently existed for the airfoils tested 
at 0^ and -l^ angle of attack (fig. 4). At tne higher 
angles of attack the shock forms near the nose on the 
upper surface and a loss of lift coefficient (fig. 4(a), 
a = 6*^) is usually noted. (See references 2 and ?.) The 
decreases in lift coefficient generally start to occur at 
Mach n-imbers about 0.05 to O.IC beyond the estimated crit- 
ical speeds. The 1 if t- co ef f ic i ent decreases, in most 
cases,' are not large enough to cause actual decreases in 
lift with increasing speed. Changes in lift distribution 
across the wing span due to possible variations in criti- 
cal speed alorg tne span sho-.ld, however, be considered 
in structural design. 

Zilch ing^^mo men t_.- The ITaCa 23C12 p it ch ing- moment co- 
efficients obtained in both wind tunnels are shown in fig- 
ure 5(a). ^or the angles of attack at which direct com- 
parison is possible (0^" and 4^), a satisfactory agreement 
between the results for the two tunnels will be noted. 
The lIAO.n. 230i2-d4 results are given in figure 5(b). 

The variation in p it ching-moment coefficient at sub- 
critical speeds was negligibly small for tnese lo^-moment 
airfoils. 

Charges in p i t ch ing-mo men t coefficient occurring at 
supercritical speeds are governed by the same factors 
that affect the lift, that is, the location and the inten- 
sity of the compression shock. At the higher angles of 
attack, large increases in the negative value of the 
p it ching-moment coefficient occurred. These increased 
p it ching-moment coefficients could be realized in flight 
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in p-uil-'C^-it 3 from high-speed dives and should he accounted 
for in the s t rr.ct'iral design of pnrsv-it aircraft. 



The critical speeds at which large increases in drag 
coefficient occurred were sli^.htly higher for the NACA 
23012- 5^ airioil than for tne FAGA 23012 airfoil, Tvhen 
compared either at a given angle of attack or at a given 
lift coefficient in the positive lift region. At zero 
and negative lifts, the JUCA 23012 airfoil nas the higher 
critical speeds. The indicated critical speeds were in 
fair agreement with those predicted froi:; the theoretical 
pressure peaks. 

A-c the higher angles of attack in the supercritical 
region (conditions corresponding to a sharp pull-out from 
a high-speed dive), large increases in the patching- 
moment coefficient and a decrease in lift coefficient 
occurred. 



Langl ey Kemo r ial Ae ronaut i cal lato rato rv , 

^rational Advisory Committee for Aeronautics, 
Lani^'ley ?ield, Va.. 
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Figs. 1,2 
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Figure 2,- Comparison of results from the 8-foot high-soeed and 

variable-density wind-tunnels to show magnitude of 
interference effect due to end leakage in 8-foot high-speed tunnel. 
M , 0,23 ; R , 3.150,000. NACA 23012 airfoil. 




Figure 1.- The 24-inch NACA 23012-64 airfoil mounted in the 
8-foot high-speed wind tunnel. 
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(b) NACA 25012-64 ^oi7 
airfoil . 
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(a) NACA 23012 airfoil. (b) NACA 25012-64 airfoil. 

Figure 4.- Variativn with Mach number of the lift coefficient. 24- inch- chord models except 
as noted. 
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(a) NACA 25012 airfoil, (b) NACA 23012-64 airfoil. 

Figure 5.- Variation with ilach number of pitching- 
moment coefficient. 
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